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Abstract
Calanoid copepods are an important food source for most fish larvae. Their role as a natural
prey item means that it is important to develop culture technology for copepods to meet the
requirements of larvae culture in aquaculture hatcheries. Copepods have been cultured
successfully for some time; however, the implications of long-term cultivation or domestica-
tion on copepod life history traits have not yet been assessed. Therefore, the aim of this
study was to determine if the domesticated and wild populations of Parvocalanus crassiros-
tris are phenotypically or physiologically different. Wild-caught P. crassirostris were com-
pared to a long-held domesticated strain (>2 years) for size of developmental stage,
fecundity and lifespan of adult females, culture density, ingestion rates, faecal pellet produc-
tion and fatty acid profiles. The domesticated strain was significantly different from the wild
strain in size (eggs, nauplii, copepodites and adults were larger in the domesticated strain),
egg production (112.3 ± 1.8 eggs female-1 vs. 64.6 ± 3.3 eggs female-1) and adult female
lifespan (8.8 ± 0.1 days vs., 7.5 ± 0.1 days). At 1, 3 and 5 adults mL-1, the domesticated
strain performed significantly better than the wild strain in egg production (4189.8 ± 61.2,
11224.0 ± 71.7 and 21860.6 ± 103.6 eggs vs. 1319.5 ± 54.3, 2374.5 ± 80.9 and 4933.8 ±
269.5 eggs, respectively) and mean daily mortality rate (5.6% across all densities vs. 22.9 ±
1.6, 29.8 ± 1.2 and 31.3 ± 1.3%, respectively). The domesticated strain had significantly
higher ingestion rates than the wild stain (888.4 ± 9.9 ng C l-1 and 775.3 ± 11.2 ng C l-1,
respectively), while faecal pellet production was not significantly different between strains.
Fatty acid profiles indicated higher levels (as % of total fatty acid) of long-chain polyunsatu-
rated fatty acids in the domesticated strain (36.2±0.4%) than the wild strain (16.1±0.1%).
Overall, this study found that the reproductive capacity and tolerance to the culture environ-
ment of the calanoid P. crassirostris have improved significantly due to domestication.
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Introduction
For the past three decades, there has been continuing interest in the development of mass cul-
ture techniques for copepods to be used as live food in aquaculture [1–4]. Copepods are the
most common metazoans in the marine environment [5], with approximately 11,500 described
species [6, 7]. Unlike traditional live feeds such as rotifers, copepod nutritional profiles are rich
with essential fatty acids, free amino acids and other essential micronutrients [8, 9]. Moreover,
the small size of copepod nauplii is vital for the first larval feeding of various fish species with
small mouth gape sizes, such as groupers and snappers [4, 10]. Copepods also stimulate strong
feeding responses in fish larvae through their distinctive swimming patterns [11–13]. Never-
theless, utilisation of copepods in aquaculture hatcheries is still sporadic, which is largely attrib-
uted to difficulties in their culture and, in particular, their low culture productivity [14].
Calanoid copepods dominate the water column in marine environments and are generally
planktonic through all of their life stages [5]; consequently, calanoid copepods are considered
to be the best candidates for first feeding of fish larvae in aquaculture [15, 16]. Previous
research has demonstrated many difficulties in mass culturing calanoid copepods due to their
low tolerance to changes in water quality [4] and low culture productivity compared to other
taxonomic groups [17]. Recently, several calanoid species have been identified as great candi-
dates for aquaculture, including the calanoids Acartia tons, Acartia sinjiensis and Parvocalanus
crassirostris, which have been cultured over multiple generations in laboratories and aquacul-
ture facilities [18–21]. Despite the increased use of domesticated copepods, the implications of
long-term cultivation or domestication on copepod life history traits has not been quantified to
date.
Generally, domestication is characterized by genetic changes in behaviour, morphology, or
physiology caused by cultivation under artificial conditions [22]. The benefits of domestication
have been demonstrated for many aquaculture species, with improved productivity and toler-
ance to culture conditions resulting simply from culturing a species for several generations
without direct selection [23, 24]. However, domestication could also result in loss of fitness,
particularly if pedigrees are not adequately kept and inbreeding occurs. Furthermore, the
effects of domestication are likely to accumulate over generations [25].
In comparison, copepod generation times are extremely short compared to most other cul-
tured aquatic species (i.e., weeks). These multiple generations within a short time could result
in either positive or negative phenotypic responses due to changes in environmental condi-
tions. For example, inconsistent behaviour and reproductive capacity was found between labo-
ratory-cultured and wild Acartia tonsa, with more eggs produced by laboratory-cultured
copepods [26]. Furthermore, significant differences in fatty acid profiles have been reported
between captive and wild copepods [8, 27]. These changes in vital culture characteristics war-
rant further investigation into the effects of domestication that might have occurred over mul-
tiple generations.
The calanoid copepod Parvocalanus crassirostris has been isolated from the wild and
cultivated as a closed population at James Cook University, Queensland, for over 2 years. P.
crassirostris is a small copepod found in tropical and subtropical waters globally [28–30]. P.
crassirostris attains higher culture densities and productivity than previously investigated cala-
noid species [4, 18–20, 31, 32]. These positive attributes indicate a potential for P. crassirostris
to be used successfully in an aquaculture hatchery as live food for fish larvae. The short life
cycle of P. crassirostris (18 days) theoretically means that more than 80 generations have
passed since the James Cook University domesticated strain was collected from the wild.
Because there was no intentional selection on the base population for any trait, this population
offers a unique opportunity to evaluate the effects of domestication on a range of biological
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traits in comparison to wild copepod populations. To date, there is no information on the
potential effects of domestication of copepods on traits relevant to culture productivity and uti-
lization in aquaculture (i.e., reproductive capacity). Therefore, the aim of this experiment was
to investigate the effects of domestication after multiple generations of controlled cultivation to




Parvocalanus crassirostris were initially collected from plankton tows in coastal waters off of
Townsville, Northern Queensland, Australia (Lat. 19° 15' 3" S, Long. 146° 49' 17" E), in August
2011. The field location was not privately-owned or protected in any way and our study did
not involve endangered or protected species. No specific permits were required for collecting
samples in that location. The copepods were cultured at James Cook University from an initial
founder population of 300 to 400 adults and used in the present experiments as a domesticated
strain. To ensure the same genetic stock was sampled as the domesticated strain, wild P. crassir-
ostris were collected from the original location of the earlier collection in September 2013. Pure
copepod cultures were maintained in 20-L polycarbonate carboys filled with 1 μm filtered sea-
water (36±1) with gentle aeration. The culture temperature was kept at 26 ±1°C, and a photo-
period of 16:8 h light/dark cycle was maintained. The propensity of the culture salinity to
increase due to evaporation was adjusted by adding dechlorinated distilled water if needed.
Experiments did not commence until wild P. crassirostris completed at least one generation of
breeding post-collection to ensure that the differences between the two stocks were not simply
due to a lack of acclimatization to the experimental environment and/or stress.
Partial water changes were performed weekly with the removal of detritus by siphoning the
bottom of the carboys. To ensure that adult copepods were not siphoned, siphoning was per-
formed with a 100-μmmesh attached to the end of the siphoning tube. The siphoned water
was collected and sieved through a 25-μmmesh, and the eggs and nauplii retained on the mesh
were re-suspended in a 1-L beaker. The beaker was left to settle for 2 days to allow eggs to
hatch before the water was gently poured onto a 25-μmmesh to collect nauplii to return them
to the stock culture. Debris left at the bottom of the beaker was discarded.
Copepods were fed the Tahitian strain of Isochrysis sp. every second day at 1000 μg C l-1
based on [31]. When the culture density in a carboy reached 4–5 individuals ml-1, the carboy
content was divided to initiate a new culture, and through this procedure, a continuously grow-
ing stock was maintained.
Microalgae culture
The Tahitian strain of Isochrysis sp. (T-Iso) used in this study was originally obtained from the
microalgae supply service at the Commonwealth Scientific and Industrial Research Organisa-
tion (CSIRO, Australia). T-Iso was cultured in a temperature-controlled room using 20-L poly-
carbonate carboys filled with 1-μm filtered, autoclaved and UV-irradiated seawater at a salinity
of 35 ppt. T-Iso was cultured using f/2 medium (Guillard and Ryther, 1962). All cultures were
maintained at a temperature of 25 ±1°C with vigorous aeration (0.2 μm filtered air). The photo-
period was set to a light/dark cycle of 16:8 h with a light intensity of approximately 65 μmol
m−1 s−1 (fluorescent). The algal cultures were in their exponential growth phase when used to
feed the copepods.
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Life history traits
The size of developmental stages, fecundity and lifespan of adult females were evaluated to
determine the response to domestication. One hundred randomly collected individuals of each
stage (eggs to adults) from each population were measured. Size measurements were made
using a Leica DM LB microscope and an Olympus DP25 camera. Photos were analysed with
Olympus DP2-BSW software. Fecundity and lifespan were evaluated using a design adapted
from [33]. Pre-matured females were collected from each population at the final copepodite
stage V (CV) and then individually isolated in petri dishes to be observed until sexual maturity
was reached. Maturation was confirmed by the moult of the CV copepodites (Lawson and
Grice, 1973). Each mature adult female was paired with an adult male (replicates, n = 10). Each
pair was then cultured in a 200-mL vessel submerged in a beaker. A 74-μmmesh was attached
to the bottom to ensure that the adults would remain inside the vessel while eggs would pass
through and accumulate at the bottom of the beaker. The eggs that accumulated at the bottom
of the beakers were counted following daily water exchanges with a Bogorov counting chamber
and a dissecting stereo-microscope (Nikon SMZ645). Similarly, the lifespan of adult females
was evaluated. The 200-mL culture vessels were stocked with 10 pre-matured adults (n = 10)
from each population and monitored every day for mortality. Dead copepods were removed
daily. The experiment stopped when all copepods died.
Culture density
Three stocking density treatments of 1, 3 and 5 adults mL-1 were evaluated (n = 10) following
the methods described in [19]. Stage V copepodites (CV) were randomly collected from stock
cultures of the wild and domesticated populations and then cultured in 200-mL vessels at des-
ignated densities. Sex ratio of all density treatments was not manipulated and therefore was
within the normal range of the species (85%- 90% females). The experiment started 24 h after
stocking CV individuals to allow time for their development into adults [31]. Mean daily egg
production was evaluated over 7 days of culture, while the mean daily mortality rate of adults
was calculated over 5 days of culture using the following formula:
Daily mortality % ¼ No: of dead copepods found on a particular day
Total surviving adults of the previous day
 
x100
Ingestion rate and faecal pellet production
To evaluate the ingestion rate, 30 recently matured females (n = 10) were cultured in 75-mL
containers filled with fresh seawater (36±1) and T-Iso at 1000 μg C l-1. Culture containers were
rotated for 24 h on a plankton wheel at 1 rpm to maintain a constant suspension. Five control
replicates without copepods were additionally maintained. After 24 h, all individuals were
removed from the containers and mortality was calculated. Initial (C0) and final (Ct) algae con-







I = F X C0
F = clearance rate (μg C l-1 female-1 h-1); V = container volume (mL); N = number of indi-
viduals; C0 = initial algae concentration (μg C l
-1); Ct = final algae concentration (μg C l
-1);
t = time (h); k = cell growth coefficient (h-1).
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Faecal pellet production was measured using similar methods described for the collection of
eggs (described above). Recently matured females from wild and domesticated populations
were individually cultured for the duration of their lifespan, and their daily faecal pellet pro-
duction was counted.
Fatty acid analysis
To obtain an adequate sample for fatty acid analysis, P. crassirostris were cultured in 250-L
tanks fed the designated diet treatments under similar conditions described for main stock cul-
tures (described above). P. crassirostris were harvested after 7 days of culture by filtering the
content of the culture tanks through a 150-μmmesh followed by a 25-μmmesh. This process
ensured the collection of second generation eggs, nauplii and early copepodites (I-III). The
selected size fraction represented the dominant component of the cultured population. The
collected copepod samples were then flushed three times in 10‰ saltwater to remove salt and
transferred to 2-mL vials for freeze drying.
Fatty acid methyl esters (FAMEs) were prepared by transesterification using 14% BF,
(boron trifluoride/methanol, w/w), following the method of [35]. FAMEs were quantified by
an Agilent 6890 gas chromatograph (Agilent Technologies, Santa Clara, CA) coupled to a
flame ionization detector, with an Omegawax 320 fused silica capillary column (30 m x 0.32
mm; Supelco, Bellefonte, PA). The injector and detector temperature was maintained at 260°C.
The column temperature was initially set to 60°C, then increased at a rate of 50°C min-1 to
170°C, followed by an increase at a rate of 2°C min-1 to 180°C, and was then held for 2 min.
The temperature was further increased at the same rate of 2°C min-1 to 230°C and held for 1
min before another increase at a rate of 1°C min-1 to the final temperature of 240°C, until all
FAMEs had been eluted. The total time was 46.2 min. The carrier gas was helium with a flow
velocity of 25 cm s-1. Peaks were identified by comparing retention times with known stan-
dards (Nu-Chek-Prep Inc, Elysian, MN). Fatty acid contents were expressed as a percentage of
a particular fatty acid to the total fatty acids (%).
Statistical analysis
Data are presented as the mean ± standard error (SE), except for fatty acid composition data
(mean ± standard deviation). All data collected were tested for normality and homogeneity of
variance prior to mean comparison procedures, and data expressed in percentages were arcsin-
transformed prior to analysis. Size measurements, ingestion rates and fatty acid composition
data were compared using one-way ANOVA, while egg and faecal pellet production data were
analysed with repeated-measures ANOVA. When significant differences (p<0.05) were
found, Tukey’s multiple comparison test was performed to determine specific differences
among treatments. All statistical analyses were conducted using Sigmaplot, version 11.
Results
Life history traits
Table 1 summarizes the size measurements of domesticated and wild developmental stages.
Generally, size over all developmental stages was significantly different between strains (p
<0.001), with domesticated individuals being significantly larger than the wild strain.
Within each strain, P. crassirostris adult females displayed a similar daily egg production
pattern over their lifespan. On any given day, the domesticated female's daily egg production
was significantly higher than the wild strain (p<0.001; Fig 1a). The domesticated females con-
tinued to produce eggs on day 8, whereas all females from the wild strain ceased egg production
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on day 7. The mean total egg production over a female’s lifespan for the domesticated strain was
significantly higher compared with the wild strain at 112.3 ± 1.8 vs. 64.6 ± 3.3 eggs female-1,
respectively (p<0.001; Fig 1b). Thus, when compared to the wild strain, the domesticated cope-
pods produced 73.8%more eggs per female.
The mean female lifespans of the P. crassirostris strains were significantly different (p
<0.001; Fig 2). Domesticated females had a longer lifespan (8.8 ± 0.1 days), while wild females
lived a day less (7.5 ± 0.1 days).
Culture density
Fig 3 shows the mean daily egg production of P. crassirostris over 7 days at different initial
stocking densities. The differences in mean daily egg production were highly significant
between strains at different density treatments (p<0.001). Two very different patterns were
demonstrated between the strains; the first pattern was characterized by a low mean egg pro-
duction on the first day but increased sharply on day 2, with a peak production between days 2
and 5. A steep decrease followed on days 6 and 7, although egg production was still found on
day 7. This pattern was shown by the domesticated strain at stocking densities of 1, 3 and 5
adults mL-1. The second pattern was characterized by steady and substantially lower mean egg
production from days 2 to 5, followed by a significant drop in mean egg production on day 6
and the termination of all egg production after day 6. This pattern was shown by the wild strain
at stocking densities of 1, 3 and 5 adults mL-1.
Mean total egg production over 7 days was also significantly different across different stock-
ing densities (p>0.001; Fig 4). The domesticated females at all stocking densities produced sig-
nificantly more total eggs than the wild strain (p<0.001). The domesticated strain produced
4189.8 ± 61.2, 11224.0 ± 71.7 and 21860.6 ± 103.6 eggs at 1, 3 and 5 adults mL-1, respectively,
Table 1. Mean length (μm) of developmental stages of domesticated and wild P. crassirostris.
Strain
Stage Domesticated Wild
Egg 71.0 ± 0.4a 66.9 ± 0.4b
Nauplii I 80. ± 0.6a 76.8 ± 0.5b
Nauplii II 87.4 ± 0.4a 83.5 ± 0.5b
Nauplii III 112.1 ± 0.4a 106.3 ± 0.4b
Nauplii IV 134.8 ± 0.8a 126.1 ± 0.9b
Nauplii V 155.6 ± 0.8a 150.0 ± 0.9b
Nauplii VI 172.7 ± 0.7a 165.9 ± 0.8b
Copepodite I 195.4 ± 0.6a 185.1 ± 0.6b
Copepodite II 257.1 ± 1.1a 245.0 ± 1.2b
Copepodite III 299.7 ± 1.7a 290.2 ± 1.7b
Copepodite IV 338.9 ± 1.1a 332.0 ± 1.2b
Copepodite V 389.8 ± 1.1a 381.2 ± 1.3b
Adult male 384.1 ± 0.8a 345.0 ± 0.9b
Adult female 444.7 ± 2.9a 432.6 ± 2.5b
Lengths of copepodites and adults were measured as the prosome length only. Data are presented as
mean±S.E (n = 100).
abDifferent letter superscripts in the same row indicate statistical difference (p < 0.05).
doi:10.1371/journal.pone.0133269.t001
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while the wild strain produced 1319.5 ± 54.3, 2374.5 ± 80.9 and 4933.8 ± 269.5 eggs at 1, 3 and
5 adults mL-1, respectively.
The mean daily mortality rates were significantly different between the two strains (p
<0.001; Fig 5). While the mean daily mortality rate of the domesticated strain remained very
low for the 1, 3 and 5 adults mL-1 treatments (5.6 ± 0.3, 5.6 ± 0.1 and 5.5 ± 0.3%, respectively)
and no significant differences were detected between all densities (p>0.05), the wild strain had
a significantly higher mean daily mortality rate across all densities (p<0.001). The wild strain’s
mean daily mortality rates were 22.9 ± 1.6, 29.8 ± 1.2 and 31.3 ± 1.3% at 1, 3 and 5 adults mL-1,
respectively, with no differences between treatments (p>0.05).
Ingestion rate and faecal pellet production
Ingestion rates obtained at an average food concentration of 1000 μg C l-1 were significantly
different between the two strains (p<0.001; Fig 6). The domesticated strain had a significantly
higher ingestion rate at 888.4 ± 9.9 ng C l-1 compared to 775.3 ± 11.2 ng C l-1 for the wild strain
(p<0.001). The domesticated strain grazed more efficiently compared to the wild strain, as
Fig 1. Egg production of P. crassirostris (female-1) strains (n = 10). a) Mean daily egg production female-1
over 8 days; b) mean total egg production female-1 over 8 days. Data are presented as the mean ± standard
error. The different letters on the tops of the bars indicate significant differences (p <0.001).
doi:10.1371/journal.pone.0133269.g001
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depicted by a higher clearance rate of 0.9 ± 0.0 mL female-1 h-1 compared to 0.8 ± 0.0 mL
female-1 h-1 (p<0.001).
Mean daily faecal pellet production (female-1 day-1) was not significantly different between
strains (p>0.05; Fig 7a), at 30.1 ± 1.2 and 31.7 ± 1.7 female-1 day-1 for the domesticated and
wild strain, respectively. Furthermore, the difference in the total faecal pellet production
(female-1) between strains was not statistically significant (p>0.05; Fig 7b). The mean total fae-
cal pellets produced were 241.1 ± 10.2 and 253.5 ± 14.2 female-1 for the domesticated and wild
strains.
Fatty acid analysis
Table 2 summarizes the fatty acid composition of P. crassirostris strains. The domesticated
copepods had significantly higher levels of C18:2ω6 (4.7±0.1%) and C18:3ω3 (3.3±0.1%) than
the wild copepods (3.2±0.0 and 2.3±0.1%, respectively), while C20:4ω6 levels were not signifi-
cantly different between strains. Domesticated copepods had significantly higher levels of EPA
and DHA (5.4±0.1 and 22.3±0.3%, respectively) than the wild copepods (2.7±0.1 and 6.1
±0.1%, respectively). LC-PUFA levels were significantly higher in the domesticated copepods
(36.2±0.4%) compared to wild copepods (16.1±0.1%).
Discussion
The present study is the first to investigate the effects of domestication on the calanoid copepod
P. crassirostris after 2 years of continuous culture. We observed a significant improvement in
the reproductive capacity of the domesticated copepods compared to the wild copepods, with
Fig 2. Adult female lifespan of P. crassirostris strains (n = 10). The different letters on the tops of the bars indicate significant differences (p <0.001).
doi:10.1371/journal.pone.0133269.g002
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Fig 3. Mean daily egg production of domesticated and wild P. crassirostris strains cultured at initial
densities of (a) 1, (b) 2 and (c) 3 mL-1 (n = 10). Data are presented as mean ± standard error.
doi:10.1371/journal.pone.0133269.g003
Domestication of Calanoid Copepods
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almost a 2-fold increase in egg production. In addition, the domesticated strain had a higher
tolerance for different culture environments than wild copepods, as demonstrated by the low
mortality rate and unaffected egg production at different culture densities.
Domestication often leads to improved adaptability to culture environments of cultured
species and the enhancement of traits related to culture productivity [36]. The current results
coincide with the previous statement, as the reproductive capacity of the domesticated strain
exceeded that of the wild strain. [37] Studied P. crassirostris population in the same coastal area
of Northern Queensland, Australia, and reported that the in situmean daily egg production
was very low, being only 5 eggs female-1 day-1, demonstrating that both acclimatization to opti-
mal culture environment and domestication significantly improved the reproductive capacity
of P. crassirostris. [26] reported similar results when comparing laboratory-cultured Acartia
tonsa to wild-caught specimens, which produced only half as many eggs. However, the study
compared adult females of various ages, which could have affected those results [38]. A positive
correlation between female size and egg production has been described previously in copepods
and indicates that larger females (prosome size) have the capacity to produce more eggs [39,
40]. However, the increase in female prosome length of the domesticated strain compared to
the wild strain was only 2.7%, which could not have solely accounted for the increase in egg
production. Moreover, during a selective breeding program designed to increase the reproduc-
tive capacity of P. crassirostris, [33] found that selected females had a 10% increase in prosome
length with an increase in egg production of 24.5%. This report suggests that the increase in
prosome length played a small role in the current experiment. The heightened egg production
Fig 4. Mean total egg production of P. crassirostris strains under different initial adult stocking densities (n = 10). The different letters on the tops of
the bars indicate significant differences (p <0.001).
doi:10.1371/journal.pone.0133269.g004
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Fig 5. Mean daily mortality rate (%) of P. crassirostris strains under different initial adult stocking densities (n = 10). Data are presented as the
mean ± standard error.
doi:10.1371/journal.pone.0133269.g005
Fig 6. Mean ingestion rate (ng C female-1 h-1) of P. crassirostris strains (n = 10) at an average food concentration of 1000 μg C l-1. The different letters
on the tops of the boxes indicate significant differences (p <0.01).
doi:10.1371/journal.pone.0133269.g006
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by the domesticated strain in the present study is likely due to improvements in oogenesis,
which could be related to adaptations to the controlled culture environment (i.e., food satiated
environment) [41].
Culture density is an essential parameter that is often described as the “bottleneck” in a
cost-effective implementation of copepods in aquaculture [19]. The present culture density
results are very promising, considering the obvious variation between both strains. The domes-
ticated copepods sustained a higher culture density than the wild copepods. After a period of
acclimatization, the wild P. crassirostris strain had a lower tolerance to the culture environment
compared to the domesticated strain. This finding indicates that calanoid copepods require
multiple generations of culture to reach their full potential to adjust to different culture envi-
ronments. Hence, future studies on copepod culture density should reference the history of
stock cultures.
Although no significant differences were found between strains when comparing faecal pel-
let production, the ingestion rate of the domesticated strain was higher than the wild strain.
The higher ingestion rate by the domesticated copepods was achieved by adaptation to the
Fig 7. Faecal pellet production (female-1 day-1) of P. crassirostris strains (n = 10). a) Mean daily faecal
pellet production female-1 over 8 days; b) mean total faecal pellet production female-1 over 8 days. Data are
presented as the mean ± standard error.
doi:10.1371/journal.pone.0133269.g007
Domestication of Calanoid Copepods
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offered food, while in nature, seasonality and food concentration is suggested to play a major
role in copepod ingestion rate [42]. The change from diverse food particles with various sizes
to a monospecific diet could also explain the less efficient ingestion rate of the wild strain [43].
Fatty acids are essential to the health and wellbeing of fish larvae [44]. The quantity and
quality of essential fatty acids are vital for the development of fish larvae [45]. Copepods, as the
natural prey of most fish larvae, provide a valuable source of essential fatty acids [15]. However,
the fatty acid profile of cultured copepods can vary significantly [8, 27]. Our results showed an
apparent difference between the domesticated and wild strain’s fatty acid profiles. Although
the wild strain was acclimatized to the same diet for one generation, the levels of essential fatty
Table 2. Fatty acid composition of domesticated and wild cultured strains of P. crassirostris fed Isochrysis sp. (mean% of total fatty acids ± SD).
Strain
Fatty acids Domesticate (n = 3) Wild (n = 3) ANOVA (p value)
C14:0 8.8±0.1 6.7±0.1 .000
C15:0 0.6±0.1 0.7±0.0 .212
C16:0 16.5±0.1 20.1±0.1 .000
C18:0 5.2±0.1 7.8±0.1 .000
C22:0 0.4±0.0 0.3±0.0 .001
C23:0 0.5±0.0 1.1±0.0 .000
C24:0 0.4±0.0 0.7±0.0 .000
C14:1ω7 1.0±0.0 0.5±0.0 .000
C16:1ω7 4.5±0.1 4.2±0.1 .025
C16:1ω5 0.5±0.0 0.4±0.0 .011
C18:1ω9 7.1±0.1 11.3±0.1 .000
C18:1ω7 3.5±0.1 3.1±0.1 .007
C20:1ω9 0.1±0.0 0.3±0.0 .001
C20:1ω7 0.2±0.0 0.6±0.0 .000
C16:2ω4 0.7±0.0 4.4±0.0 .000
C16:3ω4 1.2±0.0 0.6±0.0 .011
C18:2ω6 (LA) 4.7±0.1 5.4±0.1 .000
C18:3ω6 0.2±0.0 1.2±0.0 .000
C18:3ω3 (LNA) 3.3±0.1 1.2±0.0 .000
C18:3ω4 6.6±0.2 1.5±0.0 .000
C18:4ω3 0.3±0.0 0.8±0.0 .000
C20:2ω6 0.2±0.0 0.6±0.0 .000
C20:3ω6 0.7±0.0 4.2±0.1 .000
C20:4ω6 (ARA) 0.5±0.1 0.7±0.0 .417
C20:3ω3 0.4±0.0 0.3±0.0 .007
C20:4ω3 1.0±0.0 0.2±0.0 .000
C20:5ω3 (EPA) 5.4±0.1 2.7±0.1 .000
C22:2ω6 0.5±0.0 2.6±0.1 .000
C22:5ω3 2.1±0.1 9.6±0.1 .000
C22:6ω3 (DHA) 22.3±0.3 6.1±0.1 .000
ΣSFA 32.4±0.3 37.3±0.2 .000
ΣMUFA 2.2±0.0 20.4±0.2 .000
ΣPUFA 50.2±0.5 42.2±0.2 .000
ΣLC-PUFA 36.3±0.4 16.1±0.1 .000
DHA/EPA 4.1±0.1 2.3±2.2 .000
doi:10.1371/journal.pone.0133269.t002
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acids were lower than the domesticated strain. The lower levels of LC-PUFAs found in the wild
strain fatty acid profile could be a reflection of their assimilation capacity [43]. Nonetheless,
the diet shift and stress caused by a new environment requires energy, which will rapidly
change the fatty acid profile [46]. The enhanced nutritional value of domesticated copepods is
a good investment, as the improvement in the fatty acid profile of domesticated copepods gives
merit to long-term cultivation programs.
In conclusion, this study found that reproductive capacity and tolerance to the culture
environment of the domesticated calanoid P. crassirostris has improved significantly. This
improvement presents a new domain in the development of copepod culture techniques, as
domestication could be a step towards the development of new copepod strains that require
many generations to reach a balanced equilibrium under culture conditions. Developing cope-
pod strains through strain selection and selective breeding could be coupled with domestica-
tion to produce a copepod strain that can be utilized by aquaculture hatcheries in the future.
Acknowledgments
We thank Mr. Luchang Shao for his assistance with the fatty acid analysis.
Author Contributions
Conceived and designed the experiments: FA. Performed the experiments: FA. Analyzed the
data: FA. Contributed reagents/materials/analysis tools: FA. Wrote the paper: FA CZ DJ.
References
1. Støttrup JG, Richardson K, Kirkegaard E, Pihl NJ. The cultivation of Acartia tonsaDana for use as a live
food source for marine fish larvae. Aquaculture. 1986; 52(2):87–96.
2. Ohno A, Okamura Y. Propagation of the calanoid copepod, Acartia tsuensis, in outdoor tanks. Aquacul-
ture. 1988; 70(1–2):39–51.
3. Schipp GR, Bosmans JMP, Marshall AJ. A method for hatchery culture of tropical calanoid copepods,
Acartia spp. Aquaculture. 1999; 174(1–2):81–8.
4. Payne MF, Rippingale RJ. Intensive cultivation of the calanoid copepodGladioferens imparipes. Aqua-
culture. 2001; 201(3–4):329–42.
5. Mauchline J. The biology of calanoid copepods. San Diego: Academic Press; 1998. 710 p. p.
6. Boxshall GA, Halsey SH. An introduction to copepod diversity. Andover, U.K.: Ray Society; 2004.
7. Humes AG. Howmany copepods? Hydrobiologia. 1994;292–293(1):1–7.
8. van der Meeren T, Olsen RE, Hamre K, Fyhn HJ. Biochemical composition of copepods for evaluation
of feed quality in production of juvenile marine fish. Aquaculture. 2008; 274(2–4):375–97.
9. Evjemo JO, Olsen Y. Lipid and fatty acid content in cultivated live feed organisms compared to marine
copepods. Hydrobiologia. 1997; 358(1):159–62.
10. Payne MF, Rippingale RJ, Cleary JJ. Cultured copepods as food for West Australian dhufish (Glauco-
soma hebraicum) and pink snapper (Pagrus auratus) larvae. Aquaculture. 2001; 194(1–2):137–50.
11. Støttrup JG, Norsker NH. Production and use of copepods in marine fish larviculture. Aquaculture.
1997; 155(1–4):231–47.
12. Doi M, Toledo J, Golez M, de los Santos M, Ohno A. Preliminary investigation of feeding performance
of larvae of early red-spotted grouper, Epinephelus coioides, reared with mixed zooplankton. Hydrobio-
logia. 1997; 358(1–3):259–63.
13. Buskey EJ, Coulter C, Strom S. Locomotory patterns of microzooplankton: Potential effects on food
selectivity of larval fish. Bulletin of Marine Science. 1993; 53(1):29–43.
14. Drillet G, Frouël S, Sichlau MH, Jepsen PM, Højgaard JK, Joarder AK, et al. Status and recommenda-
tions on marine copepod cultivation for use as live feed. Aquaculture. 2011; 315(3–4):155–66.
15. Conceição LEC, Yúfera M, Makridis P, Morais S, Dinis MT. Live feeds for early stages of fish rearing.
Aquaculture Research. 2010; 41(5):613–40.
16. Støttrup JG, McEvoy LA. Live feeds in marine aquaculture. 1st ed. Oxford, UK; Malden, MA: Blackwell
Science; 2003. 318 p. p.
Domestication of Calanoid Copepods
PLOS ONE | DOI:10.1371/journal.pone.0133269 July 17, 2015 14 / 16
17. Støttrup JG, editor A review on the status and progress in rearing copepods for marine larviculture:
Advantages and disadvantages among calanoid, harpacticoid and cyclopoid copepods. Avances en
nutrición acuicola; 2006; Mazatlán, Sinaloa, México: Memorías del Octavo Simposium Internacional
de Nutrición Acuícola.
18. Kline MD, Laidley CW. Development of intensive copepod culture technology for Parvocalanus crassir-
ostris: Optimizing adult density. Aquaculture. 2015; 435(0):128–36.
19. Alajmi F, Zeng C. The effects of stocking density on key biological parameters influencing culture pro-
ductivity of the calanoid copepod, Parvocalanus crassirostris. Aquaculture. 2014; 434(0):201–7.
20. Camus T, Zeng C. The effects of stocking density on egg production and hatching success, cannibal-
ism rate, sex ratio and population growth of the tropical calanoid copepod Acartia sinjiensis. Aquacul-
ture. 2009; 287(1–2):145–51.
21. Jepsen PM, Andersen N, Holm T, Jørgensen AT, Højgaard JK, Hansen BW. Effects of adult stocking
density on egg production and viability in cultures of the calanoid copepod Acartia tonsa (Dana). Aqua-
culture Research. 2007; 38(7):764–72.
22. Doyle RW. An approach to the quantitative analysis of domestication selection in aquaculture. Aquacul-
ture. 1983; 33(1–4):167–85.
23. Coman GJ, Arnold SJ, Wood AT, Preston NP. Evaluation of egg and nauplii production parameters of a
single stock of domesticated Penaeus monodon (Giant Tiger Shrimp) across generations. Aquaculture.
2013; 400–401(0):125–8.
24. Zuberi A, Ali S, Brown C. A non-invasive assay for monitoring stress responses: A comparison between
wild and captive-reared rainbowfish (Melanoteania duboulayi). Aquaculture. 2011; 321(3,Äì4):267–72.
25. Araki H, Cooper B, Blouin MS. Genetic Effects of Captive Breeding Cause a Rapid, Cumulative Fitness
Decline in theWild. Science. 2007; 318(5847):100–3. PMID: 17916734
26. Tiselius P, Hansen B, Jonsson P, Kiørboe T, Nielsen TG, Piontkovski S, et al. Can we use laboratory-
reared copepods for experiments? A comparison of feeding behaviour and reproduction between a
field and a laboratory population of Acartia tonsa. ICES Journal of Marine Science: Journal du Conseil.
1995; 52(3–4):369–76.
27. Parrish CC, French VM, Whiticar MJ. Lipid class and fatty acid composition of copepods (Calanus fin-
marchicus, C. glacialis, Pseudocalanus sp., Tisbe furcata andNitokra lacustris) fed various combina-
tions of autotrophic and heterotrophic protists. Journal of Plankton Research. 2012; 34(5):356–75.
28. Bradley CJ, Strickler JR, Buskey EJ, Lenz PH. Swimming and escape behavior in two species of cala-
noid copepods from nauplius to adult. Journal of Plankton Research. 2013; 35(1):49–65.
29. RongW, Hong-yan Z, KeW, Tao Z. Distribution and population dynamics of Paracalanus parvus, Para-
calanus crassirostris, and Acartia bifilosa (copepoda, calanoida) in the Bohai Sea. Chinese Journal of
Oceanology and Limnology. 2002; 20(4):348–57.
30. McKinnon AD, Klumpp DW. Mangrove zooplankton of North Queensland, Australia. Hydrobiologia.
1997; 362(1–3):127–43.
31. Alajmi F, Zeng C. Evaluation of microalgal diets for the intensive cultivation of the tropical calanoid
copepod, Parvocalanus crassirostris. Aquaculture Research. 2013.
32. VanderLugt K, Lenz PH. Management of nauplius production in the paracalanid, Bestiolina similis
(Crustacea: Copepoda): Effects of stocking densities and culture dilution. Aquaculture. 2008; 276(1–
4):69–77.
33. Alajmi F, Zeng C, Jerry DR. Improvement in the reproductive productivity of the tropical calanoid cope-
pod Parvocalanus crassirostris through selective breeding. Aquaculture. 2014; 420–421(0):18–23.
34. Marin V, Huntley ME, Frost B. Measuring feeding rates of pelagic herbivores: analysis of experimental
design and methods. Marine Biology. 1986; 93(1):49–58.
35. MorrisonWR, Smith LM. Preparation of fatty acid methyl esters and dimethylacetals from lipids with
boron fluoride–methanol. Journal of Lipid Research. 1964; 5(4):600–8.
36. Liao IC, Huang YS. Methodological approach used for the domestication of potential candidates for
aquaculture. Recent advances in Mediterranean aquaculture finfish species diversification. Zaragoza:
CIHEAM; 2000.
37. McKinnon AD, Klumpp DW. Mangrove zooplankton of North Queensland, Australia. Hydrobiologia.
1997; 362(1–3):145–60.
38. Parrish KK, Wilson DF. Fecundity studies on Acartia tonsa (Copepoda: Calanoida) in standardized cul-
ture. Marine Biology. 1978; 46(1):65–81.
39. Smith SL. Egg production and feeding by copepods prior to the spring bloom of phytoplankton in Fram
Strait, Greenland Sea. Marine Biology. 1990; 106(1):59–69.
Domestication of Calanoid Copepods
PLOS ONE | DOI:10.1371/journal.pone.0133269 July 17, 2015 15 / 16
40. Campbell RW, Head EJH. Egg production rates of Calanus finmarchicus in the western North Atlantic:
effect of gonad maturity, female size, chlorophyll concentration, and temperature. Canadian Journal of
Fisheries and Aquatic Sciences. 2000; 57(3):518–29.
41. Niehoff B. Life history strategies in zooplankton communities: The significance of female gonad mor-
phology and maturation types for the reproductive biology of marine calanoid copepods. Prog Ocea-
nogr. 2007; 74(1):1–47.
42. Huskin I, Anadón R, Álvarez-Marqués F, Harris RP. Ingestion, faecal pellet and egg production rates of
Calanus helgolandicus feeding coccolithophorid versus non-coccolithophorid diets. Journal of Experi-
mental Marine Biology and Ecology. 2000; 248(2):239–54. PMID: 10771305
43. Mayzaud P, Tirelli V, Bernard JM, Roche-Mayzaud O. The influence of food quality on the nutritional
acclimation of the copepod Acartia clausi. Journal of Marine Systems. 1998; 15(1,Äì4):483–93.
44. Sargent J, McEvoy L, Estevez A, Bell G, Bell M, Henderson J, et al. Lipid nutrition of marine fish during
early development: current status and future directions. Aquaculture. 1999; 179(1–4):217–29.
45. Hamre K, Yúfera M, Rønnestad I, Boglione C, Conceição LEC, Izquierdo M. Fish larval nutrition and
feed formulation: knowledge gaps and bottlenecks for advances in larval rearing. Reviews in Aquacul-
ture. 2013; 5:S26–S58.
46. Kreibich T, Saborowski R, HagenW, Niehoff B. Short-term variation of nutritive and metabolic parame-
ters in Temora longicornis females (Crustacea, Copepoda) as a response to diet shift and starvation.
Helgoland Marine Research. 2008; 62(3):241–9.
Domestication of Calanoid Copepods
PLOS ONE | DOI:10.1371/journal.pone.0133269 July 17, 2015 16 / 16
